Introduction
============

Adequate child nutrition, which is achieved by consuming a balanced healthy diet and good knowledge of child feeding practices, is a fundamental pillar of health, growth, and development in children \[[@B1],[@B2]\]. Despite the importance of good nutrition, it is evident that many families in developing countries are unable to feed their children an appropriate diet \[[@B3],[@B4]\]. Several studies support the view that poor nutrition during childhood can have detrimental effects on growth and cognitive development, decrease activity levels, and affect social functioning \[[@B5]-[@B7]\]. It has been estimated that under-nutrition is directly or indirectly responsible for an increase in morbidity and mortality among children \< 5 years of age worldwide \[[@B8]-[@B11]\], due to poor complementary feeding practices and low nutrient-dense local complementary foods.

Traditional complementary foods in many developing countries, including Nigeria, are of low nutritive value \[[@B12],[@B13]\], and are characterized by low protein and energy density and high bulk. Cereals form the primary base for most traditional complementary foods in Nigeria and have been implicated in the etiology of protein-energy malnutrition in children during the complementary feeding period \[[@B14],[@B15]\]. The protein content of maize and guinea corn is poor, as they are low in lysine and tryptophan. These two amino acids are indispensable for growth of infants and young children \[[@B16]\]. In view of the nutrition problems associated with the traditional complementary foods in Nigeria, investigated the nutritional quality of complementary foods produced from popcorn, African locust bean, and Bambara groundnut seeds. These food materials were purposely selected because of their nutrient composition and accessibility to many low-income families.

Materials and Methods
=====================

Sources of food materials
-------------------------

Popcorn, bambara groundnut, and African locust bean were obtained from a local market in Akure Township Nigeria in March 2011. The control food samples (Cerelac, a commercial product and ogi, a traditional complementary food) were obtained from a reputable supermarket and vendor, respectively.

Food processing
---------------

### Fermented popcorn flour

Fermentation was performed using microorganisms naturally present on the grain surface. The popcorn seeds were weighed (1 kg), sorted, soaked in hot water, and left for 4 days. The grains were washed with distilled water, wet milled with an attrition mill (locally fabricated grinding machine), sieved with muslin cloth, and allowed to ferment for 3 days. The fermented slurry was decanted, drained, oven dried in a hot air oven at 60℃ (Plus11 Sanyo Gallenkamp PLC, Loughborough, Leicestershire, UK) for 20 hours, re-milled using a Philips laboratory blender (HR2811 model), sieved using a 60 mm mesh sieve (British standard), packed in plastic containers sealed with aluminum foil and stored at room temperature prior to analyses.

### Fermented Bambara groundnut flour

The Bambara groundnut seeds were weighed (1 kg), sorted to remove foreign substances, washed with distilled water, and cooked for 1 and half hours. The cooked sample was tightly wrapped in plantain leaves for 3 days to ferment. The fermented bambara groundnut seeds were oven dried at 60℃ (Plus11 Sanyo Gallenkamp PLC) for 20 hours, milled using a Philips laboratory blender (model HR2811), sieved using a 60 mm mesh sieve (British standard), packed in plastic container sealed with aluminum foil, and stored at room temperature prior to analyses.

### Fermented African locust bean flour

African locust beans were weighed (1 kg), washed with distilled water, soaked in warm water for 5 days, dehulled manually, and cooked for 1 and half hours. The cooked sample was tightly wrapped in plantain leaves for 1 day to ferment. Fermentation was performed using the microorganisms naturally present on the seed surface. The fermented African locust beans were oven dried at 60℃ (Plus11 Sanyo Gallenkamp PLC) for 20 hours, milled using a Philips laboratory blender, sieved using a 60 mm mesh sieve (British standard), packed in a plastic container sealed with aluminum foil, and stored at room temperature prior to analyses.

Food formulations
-----------------

The food samples were formulated with reference to infant protein requirements (18 g/day) using Nutrisurvey linear programming (2004) software. The flour samples were mixed as follows Fermented popcorn: African locust bean flour mixe (FPA) (70:30% w/w), fermented popcorn: Bambara groundnut flour mix (FPB) (70:30% w/w), and fermented popcorn: African locust bean: Bambara groundnut flour mixe (FPAB) (70:20:10% w/w). The ogi (corn gruel) and Cerelac (a commercial complementary formula) were used as the control food samples.

Chemical (proximate) analysis
-----------------------------

Moisture, ash, crude fat, and crude fiber contents were determined using AOAC methods \[[@B17]\]. Nitrogen was determined by the micro Kjedahl method described by Pearson \[[@B18]\], and nitrogen content was converted to protein by multiplying by 6.25. Carbohydrate was determined as the difference.

Animal husbandry and experimental design
----------------------------------------

Sixty healthy albino rats (4 weeks of age) were obtained from the Central Animal House, College of Medicine, University of Ibadan, Ibadan. The rats were divided into six groups of 10 animals each. The cages were numbered 1-6. The rats in each group were fed commercial complementary food (Cerelac), local complementary food (ogi), the experimental diets and a basal respectively. The rats were acclimatized on a commercial diet (concentrate) and water *ad libitum* for 7 days. Thereafter, each of the animal groups was fed with FPA, FPB, FPAB, Cerelac, ogi, or the basal diet with water *ad libitum* each day for 28 days. Urine was collected from each cage in a small urine container, which contained about 1 cm^3^ concentrated sulfuric acid. Fecal samples were also collected daily, bulked for each rat, weighed, dried, and milled prior to laboratory analysis. Triplicate samples of feces, urine, and the diets were obtained for nitrogen determination by the Kjedahl method \[[@B17]\].

Weight gained by the animals and nitrogen were used to calculate the following parameters:

Nitrogen retention (NR) (dietary nitrogen retained in the body):

Biological value (BV) \[[@B19]\]:

Food efficiency (FE):

Net protein utilization (NPU) (= BV × TD) \[[@B19]\]:

Protein efficiency ratio (PER) \[[@B20]\]:

True protein digestibility (TD) \[[@B21]\]:

Protein rating (PR):

Protein digestibility corrected amino-acid scores (PDCAAS):

Ni, nitrogen intake; Nf, fecal nitrogen; Nef, endogenous fecal nitrogen; Nu, urinary nitrogen; Neu, endogenous urinary nitrogen; EAA, essential amino acids.

Metabolizable energy (ME) and digestible energy (DE) were calculated according to the method described by McCance and Widdowson \[[@B22]\] as modified by Göranzon et al. \[[@B23]\].

Anthropometric measurements of the albino
-----------------------------------------

Height and weight of the animals were measured at 7 day intervals for 28 days using standard techniques. All measurement was carried out in the morning between 9 am and 12 noon. Weight was measured using a digital weighing scale (Salter, SL20348, London, UK) calibrated to the nearest 0.1 kg. Length was measured using a meter board constructed by and calibrated to the nearest 0.1 cm. The animal was stretched along the meter board with the nostril touching the zero mark and the measurement was taken at the tip of the tail stretched along the meter board to the nearest 0.1 cm. The weight and length of the animals were related using weight-for-length and length-for-age indices to determine nutritional status.

Hematological determinations
----------------------------

### Blood collection

On 28 day of the experimental period, all rats were starved for about 3 hours and weighed. Each rat was anaesthetized with chloroform inside a dessicator before been sacrificed. Blood was collected into Bijour bottles containing a speck of dried tetracetic ethylenediamine acid powder, and hematological indices were determined as described by Lambs \[[@B24]\].

### Hematological analysis

Packed cell volume (PCV) was estimated by centrifuging about 75 Fl of each blood sample in heparinized capillary tubes in a hematocrit microcentrifuge for 5 minutes. Total red blood cell count (RBC) was determined using normal saline as the diluting fluid. Hemoglobin concentration (HBC) was estimated using the cyanomethemoglobin method and corpuscular hemoglobin concentration (MCHC) mean corpuscular hemoglobin (MCH), and mean corpuscular volume (MCV) were calculated.

Selection criteria for determining the optimal weaning food
-----------------------------------------------------------

A ranking system using nutritional criteria ([Table 1](#T1){ref-type="table"}) was devised to determine the optimal blend combination according to the modified method of Griffith et al. \[[@B25]\]. Based on the relative importance and interrelationship of those criteria, ranking is reported on an equal weight basis. Ranking criteria produced identical results. The three blends were ranked from 1 to 3 (best to worst) to objectively determine the best-choice weaning blend. The blend yielding the lowest score was considered to possess the most suitable nutritional characteristics.

Statistical analysis
--------------------

Data were analyzed using SPSS version 15.0 (SPSS, Inc. Chicago, IL, USA). The mean and standard error of triplicate determinations were calculated. An analysis of variance was performed to determine significant differences between the parameters and the means were separated using the new Duncan multiple range test at *P* \< 0.05.

Results
=======

Macronutrient composition of the formulated diets
-------------------------------------------------

The macronutrient compositions of the raw and formulated complementary food samples are presented in [Table 2](#T2){ref-type="table"}. The protein content of fermented popcorn, African locust bean, and FPAB (26.87 ± 1.07 g/100 g) was significantly higher when compared with that of FPB (20.87 ± 1.02) and FPA (20.49 ± 1.08 g/100 g) (*P* \< 0.05). The protein contents of the experimental diets were significantly higher than those of Cerelac and ogi (*P* \< 0.05). Fat content of the flour mixes was 12.31 ± 0.11g/100 g for FPB and 15.59 ± 0.15 g/100 g for FPAB; and these values were significantly higher when compared with those of Cerelac and ogi, respectively (*P* \< 0.05). Ash content of the FPA flour mix (8.84 ± 0.25 g/100 g) had the highest value, whereas that of FPB (2.96 ± 0.10 g/100 g) was the lowest; and a significant difference was observed between the experimental diets and control food samples (*P* \< 0.05). The fiber content of the experimental diets ranged from 1.72 ± 0.27 g/100 g for the FPA flour mixe to 2.05 ± 0.21 g/100 g for the FPAB sample. The FPAB flour mix had the highest energy value (447.15 ± 1.22 kcal), whereas the FPA sample had the lowest energy value (417.03 ± 3.05 kcal) and significant differences were observed between the energy values of the experimental diets and control food samples (*P* \< 0.05).

Protein quality evaluation of the formulated diets using an animal model
------------------------------------------------------------------------

The protein quality, ME, and DE evaluation of the formulated foods and control samples are shown in [Table 3](#T3){ref-type="table"}. The results showed that the BV of FPAB (60.20%) was higher than those of FPB (44.24%), FPA (41.15%), ogi (10.03%), and Cerelac (50.43%). The NPU value of FPAB was the highest (60.20%) followed by FPB (44.25%), and FPA (41.16%). A significant difference was observed between FPAB and Cerelac (50.43%) and ogi (10.06%). The TD of FPAB was 60.05%, which was higher than that of the other formulated diets and control sample. Similarly, the FPAB protein rating was best compared to those of the remaining formulated diets and ogi, but less than that of Cerelac. ME and DE values of FPAB were higher than those of FPB, FPA, and ogi, but these values were less than that of Cerelac.

[Fig. 1](#F1){ref-type="fig"} shows the PDCAAS of the formulated and control food samples. The results showed that FPAB had the highest value (0.44), whereas FPA had the lowest value (0.22). The PDCAAS values of the formulated food samples were lower than those of Cerelac (0.52) and casein (1.0) (a reference standard), but higher than that of ogi (0.21). The amount of food sample required to meet recommended daily allowance of total essential amino acids for infants was lower in FPAB than that in the other formulated samples and ogi, but higher than that of casein and comparable to Cerelac. Amount of formulated diet required to meet the essential amino acid requirement of is presented in [Fig. 2](#F2){ref-type="fig"}. The amount of fermented popcorn-African locust-Bambara groundnut blend (FPAB) required to meet the total amino acid requirement of children was lower when compared with that of fermented popcorn-African locust bean blend (FPA), fermented popcorn-Bambara groundnut blend (FPB) and ogi, but higher than that of cerelac.

Growth and developmental patterns of animals fed the formulated diets
---------------------------------------------------------------------

Weight-for-age and length-for-age of albino rats fed the formulated complementary foods compared with rats fed ogi and Cerelac are presented in [Figs. 3](#F3){ref-type="fig"} and [4](#F4){ref-type="fig"}. The weight-for-age classification of the animals showed that the growth patterns of animals fed the formulated food samples were better than those of animals fed ogi, but lower when compared with animals fed Cerelac. Similarly, for the length-for-age classification, the growth patterns of animals fedthe formulated diets were better than those fed ogi, but lower when compared with animals fed Cerelac. Animals fed the FPAB diets had the best growth rate comapred to those fed the FPA and FPB diets.

The influence of the diets on the organs of the animals is shown in [Table 4](#T4){ref-type="table"}. The weight range of the organs in animals fed the formulated diets were as follows: the kidney value was between 0.45 ± 0.01 g for FPB and 0.54 ± 0.04 g for FPAB; for the liver, 1.91 ± 0.17g for FPB and 2.46 ± 0.22 for FPAB, whereas that of the heart was 0.30 ± 0.02 g for FPAB and 0.35 ± 0.04 g for FPA. The weight of the kidneys, liver, and heart of animals fed the formulated diets were significantly higher than those of animals fed ogi, but lower than those fed Cerelac (*P* \< 0.05).

Hematological properties of animals fed the formulated diets
------------------------------------------------------------

[Table 5](#T5){ref-type="table"} shows the hematological properties of albino rats fed the fermented complementary food samples compared with those fed the control food samples. The results showed no significant differences between the erythrocyte sedimentation rate, monocytes, eosinophils, basophils, and MCHC in animals fed any of the foods. However, PCV, RBCs, white blood cells (WBC), hemoglobin (Hb), MCH and MCV of animals fed the FPB and FPA were significantly higher when compared with those fed the FPAB and control food samples (*P* \< 0.05).

Discussion
==========

Poor protein quality and low energy density of complementary foods are major factors affecting infant and young child feeding practices in Nigeria and other developing countries \[[@B26],[@B27]\]. Complementary foods in developing countries contain high levels of carbohydrate with very low or no protein due to the high cost of protein-rich foods and poor knowledge of locally available food materials by nursing mothers \[[@B28]\]. Thus, we investigated the production of complementary foods from locally available cereals and legumes. The findings showed that the protein and energy-density of the food samples were better than those of the traditional complementary food (ogi, a corn gruel) and comparable to a commercial formula (Cerulac). The energy values of the formulated food samples were higher than the minimum desirable level (370 kcal/100 g) for infant complementary foods as recommended by Walker \[[@B29]\]. Adequate quality complementary food is important for infants during normal growth and development \[[@B30]\]. The protein and energy density of complementary food must be sufficient to meet protein and energy needs of a growing infant.

The nutritional quality of formulated food products in terms of BV, TPD, PR, ME and DE were investigated. We established that FPAB, a combination of popcorn, African locust bean, and bambara groundnut was rated higher for these parameters when compared with other formulated food products and ogi, but comparable to those of Cerelac. A combination of cereals with two or more inexpensive plant protein sources such as legumes can be highly beneficial, as the nutritive value of the product improves \[[@B28]\]. The amount of FPAB needed to meet infant essential amino acid requirements was lower than that of the FPA and FPB food samples, but comparable to that of Cerelac. The PDCAAS a nutritional index to predict protein quality and suitability of the formulated diets was higher than that of ogi, but lower than those of Cerelac and casein. This observation could be attributed to the fact that Cerelac is made from milk. However, no significant difference was observed between the PDCAAS of FPAB and that of Cerelac; therefore, the FPAB blend was suitable as a complementary food for infants and young children. The PDCAAS has been recommended to be the most suitable method for routinely evaluating protein quality and highly digestible food products for human nutrition by the FAO/WHO \[[@B31]\]. The PDCAAS method includes the use of young rats for predicting protein digestibility of foods for all ages including the elderly \[[@B32]\].

The RBCs, WBCs, PCV and Hb values were quite high and significant differences were observed between the formulated diets and those of Cerelac and ogi. These high values indicate the adequacy of the formulated diets for promoting good blood health status.

The mean age, weight, and length of the animals were related using weight-for-age and height-for-age nutritional indices. The findings revealed that the animals fed FPAB had better growth rates when compared with those of animals fed the FPA and FPB formulations. The growth patterns of animals fed the experimental diets were significantly better than those of animals fed ogi, but lower than those of Cerelac. The formulated diets promoted growth and development of the organs (kidney, liver and heart) of animals better than that than ogi, but not as well as Cerelac. However, the FPAB food sample promoted growth and development of these organs better than that of the other formulated diets. Considering the nutritional potential of these formulated diets, they appear to be suitable as complementary foods, particularly for children of low-income families who cannot afford animal protein-based complementary foods and who are weaned on ogi.

Quite a number of nutritional studies have reported that most traditional complementary foods in developing countries are low in protein and energy density \[[@B27],[@B33]-[@B37]\]. This nutrition problem has led to an increase in the prevalence of protein-energy malnutrition; hence, high rates of morbidity \[[@B8]-[@B10]\], mortality \[[@B11]\], impaired intellectual development \[[@B38],[@B39]\]. and growth retardation \[[@B40]-[@B43]\]. Thus, a low-cost complementary food that is high in protein and dense in energy is a desirable substitute for expensive imported complementary foods to combat protein-energy malnutrition effectively \[[@B44]\]. Therefore, the formulations in the present study can be considered suitable for preventing protein-energy malnutrition in children.

The FPAB sample was ranked the best when compared with FPB and FPA ([Table 1](#T1){ref-type="table"}). All formulated diets were better than ogi, but only the FPAB sample was particularly comparable to Cerelac in terms of protein quality; therefore, it may be used as a substitute for traditional complementary food.

![**Comparison of protein digestibility using the corrected amino acid score (PDCAAS) of the formulated food samples, ogi (a traditional complementary food), Cerelac (a commercial formula), and casein (standard) (*P* \< 0.05).** FPA, fermented popcorn-African locust bean blend; FPB, fermented popcorn-Bambara groundnut blend; FPAB, fermented popcorn-African locust-Bambara groundnut blend.](nrp-6-381-g001){#F1}

![**Amount of the formulated food samples required to meet total essential amino acid requirements compared with that of ogi (a traditional complementary food), Cerelac (a commercial formula), and casein (standard) (*P* \< 0.05).** FPA, fermented popcorn-African locust bean blend; FPB, fermented popcorn-Bambara groundnut blend; FPAB, fermented popcorn-African locust-Bambara groundnut blend.](nrp-6-381-g002){#F2}

![**Weight-for-age in albino rats fed with the fermented formulated complementary foods compared with rats fed ogi (a traditional complementary food) and Cerelac (a commercial formula) (*P* \< 0.05).** FPA, fermented popcorn-African locust bean blend; FPB, fermented popcorn-Bambara groundnut blend; FPAB, fermented popcorn-African locust-Bambara groundnut blend.](nrp-6-381-g003){#F3}

![**Lenght-for-age in albino rats fed the fermented formulated complementary foods compared with rats fed ogi (a traditional complementary food) and Cerelac (a commercial formula) (*P* \< 0.05).** FPA, fermented popcorn-African locust bean blend; FPB, fermented popcorn-Bambara groundnut blend; FPAB, fermented popcorn-African locust-Bambara groundnut blend.](nrp-6-381-g004){#F4}

###### 

Ranking of formulated complementary foods to determine the optimal nutritional profile

![](nrp-6-381-i001)

PDCAAS, protein digestibility corrected amino acid score; RBC, red blood cells; FPA, fermented popcorn-African locust bean blend; FPB, fermented popcorn-Bambara groundnut blend; FPAB, fermented popcorn-African locust-Bambara groundnut blend.

###### 

Mean (± standard error) of the macronutrient compositions (g/100 g weight matter) of fermented popcorn, African locust bean and Bambara groundnut flour blends
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Mean values with different superscripts in a row are significantly different (*P* \< 0.05).

PCN, raw popcorn; BGN, raw Bambara groundnut; ALB, raw African locust bean; FPA fermented popcorn-African locust bean blend; FPB, popcorn-Bambara groundnut blend; FPAB, fermented popcorn-African locust-Bambara groundnut blend.

###### 

Evaluation of protein quality and metabolizable energy of the formulated food samples and control
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Mean values with different superscripts in a row are significantly different (*P* \< 0.05).

FE, food efficiency; NR, nitrogen retention; BV, iological value; NPU, net protein utilization; TD, true digestibility; PER, efficiency ratio; PR, protein rating; ME, metabolizable energy; DE, digestibilitle energy.

###### 

Effect of formulated food samples on organ development in albino rats

![](nrp-6-381-i004)

Mean values with different superscripts in a row are significantly different (*P* \< 0.05).

FPA, fermented popcorn-African locust bean blend; FPB, fermented popcorn-Bambara groundnut blend; FPAB, fermented popcorn-African locust-Bambara groundnut blend.

###### 

Hematological properties of albino rats fed the fermented complementary and control food samples

![](nrp-6-381-i005)

Mean values with different superscripts in a row are significantly different (*P* \< 0.05).

ESR, erythrocyte sedimentation rate); PCV, packed cell volume; RBC, red blood cells; WBC, white blood cells; Hb, hemoglobin; MCHC, mean cell hemoglobin concentration; MCH, mean cell hemoglobin; MCV, mean cell volume.
